The thermal resistance traits of three clonal lines of the silver crucian carp Carassius langsdorfii (SCC-1, -2 and -3) were investigated. Individual juvenile fish reared at 20°C were exposed to thermal stress at 36.5 ± 0.5°C and their death times during this exposure were measured. The death times of SCC-2 and SCC-3 fish were 66.6 ± 31.2 and 144.7 ± 49.8 min, respectively. In contrast, all SCC-1 fish survived under these conditions. Furthermore, the thermal sensitivity of primary culture cells from each clone was determined at 37, 40 or 43°C by the Trypan blue assay. Under all treatment conditions, the thermal sensitivity of the SCC-1 primary cultures was lower than those of the others. These results estimated the correlation between the in vivo and in vitro thermal resistances. Therefore, the use of primary culture cells to evaluate thermal resistance could be a useful method of selection breeding.
INTRODUCTION
Water temperature is an important factor in the growth, reproduction and survival of aquatic organisms. Thermal resistance is significantly related to reproduction and growth. In order to evaluate thermal resistance, assays that are simple, rapid and reproducible need to be developed.
Clonal fish are considered to be useful as experimental animals because there is no genetic variance within the clone. 1, 2 The silver crucian carp Carassius langsdorfii is a unisexual triploid species widely distributed in Japan. [3] [4] [5] All female triploid silver crucian carp generate unreduced triploid eggs. Embryonic development is triggered by the sperm of diploid bisexual Carassius or other genera. However, the introduced sperm nucleus does not contribute to the zygotic genome. [6] [7] [8] This strongly suggests that each progeny is genetically identical to the mother and the sib-progeny of a triploid female silver crucian carp is considered to be a clonal line. 4, 7, 8 In the present study, the thermal resistance traits of three clonal lines of the silver crucian carp were investigated. Furthermore, the thermal sensitivity of primary culture cells from each clone was determined and the thermal resistances of clonal fish lines were compared with those of primary culture cells to elucidate the relationship between resistance in vivo and that in vitro.
MATERIALS AND METHODS

Production and identification of clonal lines
For the production of clones, silver crucian carp spawners were collected from a natural population in the Monobe River, Kochi Prefecture, Japan. The diameters of the erythrocytes were measured to confirm the ploidies; fish whose average erythrocyte diameters were larger than 17 mm were considered triploid fish. [9] [10] [11] Thermal resistance traits of the clonal silver crucian carp Carassius langsdorfii and evaluation of these traits using primary culture cells 
Primary culture of fin cells
Caudal fins were cut from three to five fish of each clonal line, batched in 1% sodium hypochloride solution for 1 min and then rinsed in 70% ethyl alcohol for 2 s. The fins were cut into approximately 1 mm cubes with a sterile scalpel and were transferred to 35 mm plastic dishes, where they were allowed to dry for 10 min so that they would stick to the dish surface. Culture medium was prepared from Leibovitz's L15 medium (Gibco BRL, Life Technologies Inc., Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS; Gibco BRL) and antibiotics (PSN: penicillin 100 mg/mL, streptomycin 100 mg/mL and neomycin 200 mg/mL; Gibco BRL). Dishes containing the fin cubes were incubated at 20°C by changing the medium every 3 days. Primary cultures were maintained for 15 days (PCC-15) or 60 days (PCC-60) at this temperature.
Thermal sensitivity assay
Primary cultures were rinsed with calcium-and magnesium-free Dulbecco's phosphate-buffered saline (CMF-PBS) and were trypsinized with 0.05% trypsin and 0.02% EDTA in CMF-PBS. Cells were suspended in the dispersant and then centrifuged at 80 ¥ g for 5 min at 20°C. To the precipitate, 2 mL of the medium (containing 10% FBS) was added. Suspended cells were incubated at 37, 40 or 43°C and then cells in 200 mL suspension were collected every hour. Cells were centrifuged again under the same conditions as described above. The precipitate was suspended with 20 mL medium, to which the same volume of 30% Trypan blue (Gibco) in CMF-PBS was added. The number of living and dead cells was counted with a hemocytometer three times per sample. The percentage of living cells is represented as the average (± SD) of these three determinations.
RESULTS
Responses to thermal resistance were measured in the three clonal lines of the silver crucian carp. While fish in each clonal line were being exposed to thermal stress at 36.5 ± 0.5°C, the responses were measured as survival rates and mean death times, which were calculated from the number of surviving fish every 30 min and the individual death times of the fish, respectively. Figure 2 shows the A primer set of GF17, a microsatellite DNA marker developed by Zheng et al., 12 was used in the present study to distinguish between clonal lines. Polymerase chain reaction (PCR) cycling conditions were as follows: seven cycles of denaturation for 1 min at 94°C, annealing for 30 s at 53°C and extension for 30 s at 72°C; then 33 cycles of denaturation for 30 s at 90°C, annealing for 30 s at 53°C and extension for 30 s at 72°C. The PCR products were separated by electrophoresis on 8% denaturing polyacrylamide gel.
Three clonal lines (SCC-1, -2 and -3) were produced (Fig. 1) . Mature females ovulated artificially through injection with 2000 IU/kg human chorionic gonadotropin (hCG; Teizo, Tokyo, Japan). Stripped eggs from each female were inseminated with goldfish Carassius auratus sperm. Progenies were used in the experiments.
Rearing systems
Fish were reared in a 60 L recirculating tank at a temperature of 20°C. Each clonal fish line was maintained separately in an individual cage at a density of 30 fish per cage (22 ¥ 10 ¥ 8 cm). Fish were fed ad libitum three times daily on pellet feed and a supplement of red worm (Chironomid larvae).
Test of high-temperature resistance
Fifteen fish (60-65 days after hatching) were selected from each clonal line in a random fashion and were held in a mesh cage (20 ¥ 10 ¥ 10 cm; one cage per clonal line) placed in an aquarium regulated at a temperature of 36.5 ± 0.5°C. The rearing water was mixed by aeration and oxygen was supplied to the aquarium.
Every time a fish was observed to have died, its standard body length (mm) was measured. Death was determined by the complete cessation
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K Sakamoto et al. survival rates of the three clonal lines after the high-temperature treatment. The survival rate of SCC-1, with no fish dying within 4 h, was the highest of the three lines. As shown in Table 1 , the mean death times of SCC-2 and SCC-3 were 66.6 ± 31.2 and 144.7 ± 49.8 min, respectively. Figure 3 shows an outgrowth of fibroblast-like cells from a piece of caudal fin. The thermal sensitivities of primary culture cells from each clonal line are shown in Figs 4,5. Prepared cells were incubated at 37, 40 or 43°C. In all treatment cases, the thermal sensitivities of PCC-15 and PCC-60 from SCC-1 were lower than those of the others at all measured times (Figs 4,5) . Thus, in spite of the differences in the culture period, the thermal sensitivity of primary cultures was maintained. Moreover, the percentages of living primary culture cells (PCC-15 and PCC-60) from SCC-1 after 2 h were higher than those of the other two lines (P < 0.01) at all incubation temperatures (Table 1) .
DISCUSSION
Kanda et al. 13 and Fujio et al. 14 reported obvious differences in the distributions of death times of immature fish exposed to 37°C among 10 subpopulations, each from an isolated pair of the S3 strain of the guppy. They reported continuous variations; some of the 10 subpopulations seemed to vary more widely than others. In the present study, differences in thermal resistance were observed among the three clonal lines of the silver crucian carp. The thermal resistance of the SCC-1 clonal line was higher than those of the other clonal lines. These results indicate that the selection of resistance and sensitivity to high temperature fish cells and compared toxicity values with the assay using monolayer-cultured fish cells. The in vitro data obtained by the neutral red assay using both these types of fish cells correlated with the in vivo data. 22 In the present study, the thermal resistances of three clonal lines of the silver crucian carp were compared with the thermal sensitivity of primary would be effective for research into thermal resistance traits.
Several reports have examined correlations between toxicity values obtained from toxicity tests using cultured fish cells and values obtained from tests using the whole fish body. [15] [16] [17] [18] [19] [20] [21] [22] Mori and Wakabayashi 22 conducted a toxicity assay with 11 synthesized chemicals using suspension-cultured 1032
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K Sakamoto et al. culture cells from the respective clones. The results estimated the correlation between the thermal resistance in vivo and that in vitro. Therefore, the evaluation of thermal resistance using primary culture cells seems to be a useful method of selection breeding.
Fish cell cultures are good models for in vitro studies. Cell cultures may be an extremely useful approach to elucidating molecular mechanisms. When cells are exposed to heat shock or other stresses, such as heavy metals or ultraviolet radiation, several stress proteins are induced. However, the molecular mechanisms and exact roles of such thermal resistance processes are almost completely unknown.
In the present study, using clonal lines of the silver crucian carp, we observed the relationship between thermal resistance in vivo and that in vitro. Our research is proceeding to molecular and cellular mechanical studies of the thermal acclimation of fish cells.
